Martineau C, Martin-Falstrault L, Brissette L, Moreau R. The atherogenic Scarb1 null mouse model shows a high bone mass phenotype. Am J Physiol Endocrinol Metab 306: E48 -E57, 2014. First published November 19, 2013 doi:10.1152/ajpendo.00421.2013.-Scavenger receptor class B, type I (SR-BI), the Scarb1 gene product, is a receptor associated with cholesteryl ester uptake from high-density lipoproteins (HDL), which drives cholesterol movement from peripheral tissues toward the liver for excretion, and, consequently, Scarb1 null mice are prone to atherosclerosis. Because studies have linked atherosclerosis incidence with osteoporosis, we characterized the bone metabolism in these mice. Bone morphometry was assessed through microcomputed tomography and histology. Marrow stromal cells (MSCs) were used to characterize influence of endogenous SR-BI in cell functions. Total and HDL-associated cholesterol in null mice were increased by 32-60%, correlating with its role in lipoprotein metabolism. Distal metaphyses from 2-and 4-mo-old null mice showed correspondingly 46 and 37% higher bone volume fraction associated with a higher number of trabeculae. Histomorphometric analyses in 2-mo-old null male mice revealed 1.42-fold greater osteoblast surface, 1.37-fold higher percent mineralizing surface, and 1.69-fold enhanced bone formation rate. In vitro assays for MSCs from null mice revealed 37% higher proliferation rate, 48% more alkaline phosphatase activity, 70% greater mineralization potential and a 2-fold osterix (Sp7) expression, yet a 0.5-fold decrease in caveolin-1 (Cav1) expression. Selective uptake levels of HDL-associated cholesteryl oleate and estradiol were similar between MSC from wild-type and Scarb1 null mice, suggesting that its contribution to this process is not its main role in these cells. However, Scarb1 knockout stunted the HDL-dependent regulation of Cav1 genic expression. Scarb1 null mice are not prone to osteoporosis but show higher bone mass associated with enhanced bone formation.
cally considered to be a side effect of systemic mechanisms, some direct bone alterations have been reported, such as inhibition of osteoblastogenesis, osteoblastic activity, and osteoclastic activity (17, 47) . Likely most of these skeletal disorders result from the sum of systemic and bone-specific alterations.
Epidemiological studies have linked atherosclerosis incidence with the development of osteoporosis (21, 32) , and a growing body of biological and genetic evidence argues for a common etiology in both conditions (7) . A recurrent factor in most of these studies is high circulating cholesterol levels, and lipid-lowering agents such as statins have been shown to reduce atherosclerotic lesions and osteoporosis (45) . Accordingly, most epidemiological investigations show a positive correlation between high-density lipoproteins (HDL) and bone mineral density (1) . In fact, HDL are greatly responsible for the removal of cholesterol from peripheral tissues, a process termed reverse cholesterol transport (RCT) (58) . The disruption of RCT in macrophages is central to the onset of atherosclerotic plaque (44) . Its inhibition promotes the differentiation of macrophages to foam cells, which accumulate oxidized lipids and cause the appearance of arterial wall lesions (33, 55) .
Scavenger receptor class B, type I (SR-BI), the product of the Scarb1 gene, is a glycosylated cell surface receptor highly expressed in steroidogenic organs and liver (2) . This receptor binds HDL with high affinity (2) . To study the role of this receptor in HDL metabolism, Rigotti et al. (49) generated Scarb1 null mice. These mice show significantly higher serum cholesterol, especially HDL-associated, and a propensity to develop atherosclerosis (29) . SR-BI is considered the main physiological receptor for HDL that mediates bidirectional flux of cholesterol and other lipids between HDL and cells (41) . SR-BI allows cholesterol efflux from cells and thereby contributes to the RCT from peripheral tissues toward the liver for excretion (62) . Moreover, SR-BI participates in the selective uptake of cholesteryl esters (CE) from HDL in the liver and steroidogenic tissues (11, 28) . In accordance, HDL-CE selective uptake is greatly reduced in Scarb1-null mice (10) . Therefore, studies attribute an atheroprotective role to SR-BI by contributing to HDL-mediated RCT. Of interest, high HDL serum levels are generally correlated with lower incidence of both osteoporosis and atherosclerosis and have been proposed as a linking factor between these two conditions (1) .
Scarb1 null male mice have been reported to exhibit defective GC synthesis because of lack of SR-BI-mediated cholesterol uptake in the adrenal glands; this condition was accompanied by high ACTH levels (26, 28) . Because ACTH is now considered a modulator of osteoblastogenesis, Scarb1 knock out may impact bone metabolism through systemic mechanisms involving this axis (30, 61) . Moreover, previous work has shown that SR-BI is expressed in osteoblast-like cell lines and primary osteoblast cultures, more specifically in caveolaerich membrane structures (9) . We have reported selective uptake of HDL-associated cholesteryl ester and estradiol by bone-forming osteoblasts (9) . Although the identity of the involved receptor and the relevance of this process in osteoblasts remain to be determined, Scarb1 null osteoblasts and osteoblast precursors could also display dysfunctions altering bone growth.
Thus, the Scarb1 null mouse may prove to be a useful model in studying the role of SR-BI in bone metabolism, as well as understanding the relation between osteoporosis and atherosclerosis. The present work therefore aimed at assessing the bone phenotype in Scarb1 null mice.
MATERIALS AND METHODS
Animals. Scarb1 null mice on a C57BL6/129 background (stock no. 003379) were purchased from Jackson Laboratories (Bar Harbor, ME) and cross-bred with wild-type (WT) C57BL/6 mice. Heterozygous (HZ) littermates (initial parental couples) were intercrossed to yield first generation (F 1) WT, HZ, and null mouse pairs; because null dams show low fertility, higher reproduction rates were achieved by feeding them a 0.5% probucol diet (Research Diets, New Brunswick, NJ) 10 days before mating (40) . Untreated HZ dams were mated in parallel to allow direct WT and null littermate comparison, as well as confirm that the probucol treatment did not affect the observed phenotype. Null mice of F 7 to F10 generations from both HZ and null pairs were pooled (40 and 60% proportion, respectively) in age groups ranging from 2 to 4 mo, according to assay, and compared with age-matched WT groups. All individuals were kept in a 12:12-h day-night cycle with free access to food and water unless specified otherwise. All animal protocols were performed according to and were approved by the UQÀM Institutional Animal Care Committee (IACC 611). Following death, whole body, abdominal fat and epididymal fat pads were weighed. Because of significant differences in their hormonal profile and axial skeleton, some results for females are detailed elsewhere.
Serology. Whole blood was harvested from 2-and 4-mo-old mice through cardiac punctures and collected in 3-ml heparinated tubes (68 USP; BD Bioscience, Mississauga, Ontario, Canada). Plasma was obtained by centrifugation at 2,000 g for 25 min at 4°C and stored at Ϫ80°C until analyses. Calcium, phosphate, and glucose were evaluated by QuantiChrom assays (BioAssay Systems, Hayward, CA), and alkaline phosphatase (ALP) and total/lipoprotein-associated cholesterol were quantified using EnzyChrom assays (BioAssay Systems). Briefly, plasma was incubated with p-nitrophenylphosphate for ALP activity or EnzyChrom enzyme mix (for total cholesterol) at room temperature. Very low density lipoprotein (VLDL)/low-density lipoprotein (LDL) and HDL-associated cholesterol fractions were separated by PEG-precipitation of plasma samples, and the enzyme mix was added to the pellets (for VLDL/LDL) and supernatants (for HDL). ACTH (MyBioSource, San Diego, CA), corticosterone (Enzo Life Sciences, Farmingdale, NY), and C-telopeptide of type I collagen (CTX; R&D Systems, Burlington, Ontario, Canada) were measured with ELISA kits according to the manufacturers' protocols.
Microcomputed tomography. Following death by CO 2, bones were harvested and fixed in 4% paraformaldehyde-phosphate buffered saline (PF) at 4°C for 16 -20 h. Samples were scanned with a Skyscan 1172c system (Soquelec, Montreal, Quebec, Canada) at a 5-m image pixel size, 70-kV, 100-A, and 1,200-ms exposure. Raw images were reconstructed with the NRecon software (Skyscan, Aartselar, Belgium); trabecular and cortical volumes of interest (VOI) were defined, modelized, and analyzed with the CTAn software (Skyscan). The selected trabecular VOIs consisted of a 2-mm metaphyseal segment 0.5 mm below the growth plate reference point; the cortical VOIs were a 0.5-mm diaphyseal segment selected 2.5 mm below the growth plate reference point. The bone mineral density (BMD) was estimated using hydroxyapatite phantoms scanned under similar experimental conditions.
Static and dynamic histology. Twenty milligrams of calcein (SigmaAldrich, Oakville, Ontario, Canada) per kilogram body weight were injected intraperitoneally in 2-mo-old mice on days 10 and 2 before death (day 0). PF-fixed undecalcified bones were embedded in lowtemperature polymerizing polymethylmethacrylate as previously described (20) , sectioned at 6 m with a Thermofisher rotary HM 360 microtome, and used for Von Kossa (VK), ALP (Millipore, Billerica, MA), and tartrate-resistant acid phosphatase (TRAP) (K Assay; Dako, Burlington, Ontario, Canada) histochemical stainings. VK-, ALP-, or TRAP-stained bone sections were visualized with an inverted phasecontrast microscope (TE-300; Nikon, Mississauga, Ontario, Canada) and used to evaluate relative osteoblast surface and number of osteoclasts. Double calcein labeling was visualized with a Nikon FN1 Eclipse inverted fluorescence microscope and used to evaluate mineralizing surface (MS/BS), mineral apposition rate (MAR), and bone formation rate (BFR/BS). For each randomly numbered sample, three to five sections were analyzed with the ImageJ software (NIH). MS/BS was evaluated with the following formula: (dL ϩ sL/2)/BS, were dL and sL are the double-and single-labeled bone surfaces, and BS is the whole bone surface from the analyzed area. MAR was measured as the average distance between calcein fronts in doublelabeled bone surfaces divided by the time span between injections (8 days); BFR/BS was calculated by multiplying MAR and MS/BS.
Primary cultures of bone marrow stromal cells. Long bones from 2-to 4-mo-old mice hindlimbs were harvested and sterilized in PBS containing 200 U/ml penicillin-200 g/ml streptamycin and 1% FungiZone (all from Invitrogen, Burlington, Ontario, Canada). Epiphyses were cut off under sterile hood, and marrow was flushed out. Marrow was suspended in ␣-MEM culture medium supplemented with 100 U/ml penicillin-100 g/ml streptamycin, L-glutamine, 10% fetal bovine serum (North Bio, Toronto, Ontario, Canada), and 25 g/mL L-ascorbic acid (Sigma-Aldrich) and plated in a 100-mm culture dish; bones from one mouse were used per dish, unless otherwise specified. The cells were left to adhere for 7 days and thoroughly washed with PBS to eliminate nonadherent cells. Adherent cells were left to reach confluence before harvest and experimentation; adherent marrow stromal cell (MSC) phenotype was assessed in subsequent experiments.
MSC expansion assays. Bone marrow was suspended in ␣-MEM with 10% FBS, and marrow cells were plated at either 1,000,000 or 2,000,000 cells/cm 2 and left to adhere for 24 h. Adherent cells were thoroughly washed with PBS and left to grow for 10 days; the cells were then trypsinized, suspended in PBS, and counted with a hemocytometer.
Proliferation and differentiation assays. Long bone-derived MSCs were harvested at confluence with 0.5% trypsin-0.1% EDTA (Invitrogen) and plated in 24-well plates at a density of 50,000 cells/cm 2 for differentiation assays. Once confluence was reached (day 0), cells were cultured in MEM containing nonessential amino acids and 10% FBS, supplemented (osteogenic) or not (control) with 50 g/ml ascorbic acid and 5 mM ␤-glycerophosphate (both from SigmaAldrich) three times a week for 21 days. Differentiation was evaluated on days 0 and 21 through cellular ALP activity [as described elsewhere (42)] and Alizarin Red S (Sigma-Aldrich) staining, solubilization, and spectrophotometric reading. For proliferation assays, cells were plated in 96-well plates at 20,000 cells/cm 2 , and viability was evaluated 24 h later (day 0) as well as on days 1, 3, 5, 7 , and 10 through tetrazolium microtiter assay (Sigma-Aldrich). For experiments with ACTH, cells were cultured in medium containing 2% FBS without or with 10 nM ACTH (Tocris Bioscience, Bristol, UK). The resulting formazan crystals, indicative of cell metabolic activity, were solubilized in DMSO, and the absorbance was read at 570 nm with a microplate reader (Tecan, Männedorf, Austria). Proliferation was expressed as a ratio of metabolic activity of a given time point normalized to initial metabolic activity on day 0.
Preparation of lipoproteins. Lipoproteins were isolated from human plasma (Bioreclamation, Hicksville, NY). Before isolation, the plasma was supplemented with 0.01% EDTA, 0.02% sodium azide, and 10 M phenylmethylsulfonyl fluoride to prevent degradation. Human HDL 3 (density 1.125-1.21 g/ml) were prepared by ultracentrifugation as described previously (8, 9) . HDL3 were iodinated by a modification (36) of the iodine monochloride method of McFarlane (38) as previously reported (9) . Free iodine was removed by gel filtration on Sephadex G-25, followed by dialysis in Tris-buffered saline (TBS). The specific radioactivity ranged from 98,000 to 277,750 cpm/g protein. HDL 3 were labeled with 1,2-[ 3 H]cholesteryl oleate (CO) following established procedures (50) . The labeled lipoproteins were then reisolated by ultracentrifugation. The specific activity of HDL 3 labeled with CO ranged from 11,200 to 17,900 cpm/g protein. For the labeling of HDL3 with estradiol, [2, 4, 6, 7, 16, H]estradiol (E2) (87 Ci/mmol) in 0.5 M HEPES buffer (pH 7.4) was added to 1.5 mg of HDL3 diluted in 1 ml of TBS and incubated under agitation and nitrogen for 24 h. Labeled lipoproteins were reisolated by ultracentrifugation, and the specific activity ranged from 3,300 to 5,500 cpm/g protein.
Selective uptake assays. Cellular associations of 125 I-labeled lipoprotein or [ 3 H]CO-or [ 3 H]E2-HDL3 (20 g of protein/ml) were measured at 37°C for 4 h on confluent cellular monolayers in 12-well plates (Sarstedt) in ␣-MEM supplemented with 1% bovine serum albumin (BSA; Sigma-Aldrich) as previously described (9) . Nonspecific association was assessed by the addition of 1.5 mg of protein/ml of unlabeled lipoproteins. At the end of the incubation, cells were washed two times with 1 ml PBS containing 0.2% BSA, followed by two washes with 1 ml PBS, and solubilized in 1.5 ml of 0.2 N NaOH. Radioactivity counts in the homogenates were obtained with a cobra II ␥-counter (Canberra-Packard) for 125 3 for observation of caveolin-1 (Cav1) expression. Total RNA from MSCs was extracted using RiboZol (Amresco, Solon, OH) following the manufacturer's instructions. One microgram of RNA was reversed transcribed with AMV reverse transcriptase (Roche Diagnostics, Laval, Quebec, Canada), and the resulting cDNA was used for PCR on a MyiQ thermal cycler (Bio-Rad, Mississauga, Ontario, Canada) using SYBR Green (Bio-Rad). Primers specific for ␤-microglobulin (B2m) (forward: 5=-TACTCACGCCACCCACCGGAG-3=, reverse: 5=-GCTCGGC-CATACTGGCATGCT-3=), collagen type 1 alpha 1 (Col1a1) (forward: 5=-ACTTCAGCTTCCTGCCTCAG-3=, reverse: 5=-GCTTCTTTTCCT-TGGGGTTC-3=), Cav1 (forward: 5=-AGGTGACTGAGAAGCAAGTG-TATG-3=, reverse: 5=-CAAAGTCAATCTTGACCACGTC-3=) and osterix (Sp7) (forward: 5=-TTCGCATCTGAAAGCCCACT-3=, reverse: 5=-TGCGCTGATGTTTGCTCAAG-3=) were used, and the PCR were run for 40 cycles with an annealing temperature of 58°C for 30 s. The expression of each gene was normalized to gene expression of B2m and then expressed as a null-to-WT ratio. The relative fluorescence units were analyzed with the iQ5 software (Bio-Rad).
Statistical analyses. Statistical analyses were conducted with the Prism5 software (GraphPad, La Jolla, CA). Paired t-tests, ANOVAs, and Bonferroni post hoc tests, as indicated in the legends, were applied to determine statistical significance; a P value of 0.05 was considered as the significance threshold. All data are presented as means Ϯ SE.
RESULTS
Cholesterol status of Scarb1 null mice. Because epidemiologic studies have linked atherosclerosis incidence with the development of osteoporosis, we took advantage of the availability of the atherogenic Scarb1 null mouse model to investigate the role of SR-BI in bone metabolism. First, we determined general morphogenic and plasmatic parameters of these null mice. Despite a trend toward an increase, no significant difference was observed in total body or abdominal fat weight between 2-mo-old WT and null male mice ( Values are means Ϯ SE from 4 -6 individuals/group. ALP, alkaline phosphatase; PNP, p-nitrophenyl. 1 The Ca ϫ Pi indexes were obtained by multiplying the Ca and Pi means within each group, and their relative errors were added to obtain the absolute error of the product. similar results up to 12 mo of age and for female mice (data not shown). To assess whether Scarb1 knockout caused any metabolic or mineral disorder, plasmatic levels of calcium, phosphate, ALP, and glucose were measured in 2-mo-old WT and null male individuals; no significant alterations were detected under these conditions (Table 2) , and similar results were obtained for female mice (data not shown). Because these null mice were reported to have a propensity to develop atherosclerosis (29, 49), we measured their cholesterol plasma profile. As expected, total plasma cholesterol and HDL-associated fractions were, respectively, increased by 32-46% and 50 -60% in 2-and 4-mo-old Scarb1 null mice compared with WT mice (Fig. 1) ; a similar profile was observed in females (data not shown).
Bone architecture and histomorphometry. We next investigated whether Scarb1 knockout was associated with alterations of bone architecture. The visual appreciations (Fig. 2) clearly show the observed architectural alterations, particularly pronounced at a younger age [2-mo-old ( Fig. 2A ) and 4-mo-old (Fig. 2B) individuals depicted]; no difference was observed in BMD for Scarb1 null male mice, whereas higher BMD was measured in Scarb1 null female mice at 2-mo-old (data below Fig. 2 ). CT analyses (Fig. 3) indicated that younger null male mice showed significantly higher relative trabecular bone volume, with a 46% increase in 2-mo-old mice as well as a 37% increase in 4-mo-old mice (Fig. 3A, top left) . This higher bone volume was reflected by a greater number of trabeculae per millimeter (Fig. 3A, top right) trabecula to trabecula (data not shown). Trabecular thickness remained unaffected under these conditions (Fig. 3A, bottom) . Similar trabecular alterations were observed in Scarb1 null females (Fig. 3A) . No significant alterations were observed for cortical bone in Scarb1 null males, whereas cortical volume was significantly higher in 2-mo-old females (Fig. 3B) . Analysis of bone tissue sections corroborates the CT findings (Fig. 4) ; VK staining of mineralized bone area was increased in femora sections from null mice compared with WT mice (Fig.  4A, top) . Moreover, higher ALP-positive cell surface was observed in bone tissue of null mice (Fig. 4A , middle, and Table 3 ). No significant difference was noted in the number of TRAP-positive cells (Fig. 4A, bottom, and Table 3 ). Figure 4B shows representative interlabel distances in trabecular and cortical regions; null mice displayed accentuated trabecular mineral apposition rate (mean 1.27-fold), since a cortical mineral apposition rate only showed a slight increase (nonsignificant) in male and a significant increase (1.67-fold) in Scarb1 null female mice (Table 3) . These values were accompanied in Scarb1 null male mice by greater mineralized bone surface (1.37-fold) and higher relative osteoblast surface (1.42-fold) and bone formation rate (1.69-fold) ( Table 3) . Dynamic histology from female femurs yielded similar results (Table 3) . To assess whether osteoclastic activity was altered, plasma COOH-terminal telopeptides (CTX) were measured (Fig. 4C) ; no significant difference was noted. 
Functions of MSCs in null mice.
Because bone architecture and histology suggested enhanced osteoblastogenesis and/or osteoblastic cell activity, we further evaluated the expansion potential of MSCs from Scarb1 null mice. Expansion of MSCs isolated from null mice was two times that observed in WT and independent of initial plating density (Fig. 5A, inset) . To discriminate whether the higher bone mass was solely linked to greater MSC number within the BM, MSCs from either genotypes were harvested at confluence, seeded at 20,000 cells/cm 2 , and left to proliferate in basal culture medium for 10 days. Even at similar initial plating densities, the MSCs from null mice showed an enhanced proliferation at 7 and 10 days postseeding (Fig. 5A) . A greater propensity toward osteoblastic differentiation was also observed in MSCs from null mice, as determined by ALP activity (Fig. 5B) and ARS staining (Fig.  5C) , as well as increased gene expression of the osteoblastic transcription factor Sp7, yet lower Cav1 expression; Col1a1 remained unaffected (Fig. 5D) . MSCs extracted from long bones of null female mice behaved similarly (data not shown).
Impact of high ACTH and high HDL on null MSCs. With SR-BI being associated with HDL-CE uptake by adrenal glands (28), we investigated adrenal function in null mice. Corticosterone and ACTH levels were measured in both genotypes under normal housing conditions and following a 16-h fast. The GC-to-ACTH ratio was significantly stunted in null mice, especially in 2-mo-old individuals (Fig. 6A) , associated with the absence of corticosterone peak following fastinginduced stress in Scarb1 null mice and higher ACTH levels (data not shown). It was also determined how WT and null MSCs respond to in vitro exposure to ACTH; in both cases, cells proliferate more in the presence of the hormone (Fig. 6B) , suggesting that SR-BI is not involved in the proliferative response of MSCs to this hormone. Similar impairment of the corticosterone/ACTH axis was observed in Scarb1 null females (data not shown).
Given that we reported cholesteryl ester and estradiol selective uptake from HDL by osteoblasts (9), we verified whether this process was impaired in Scarb1 null MSCs. Despite a decreasing trend, similar selective uptake levels for either CO or E 2 were measured in MSCs from Scarb1 null and WT mice (Fig. 6C) . Hence, the contribution of SR-BI to selective uptake is either not its main role in osteoblasts or is spontaneously compensated.
Because we observed that Scarb1 knockout impacts on the gene expression of Cav1 by MSC, we looked forward to the regulation of Cav1 gene expression by the HDL in Scarb1 null MSCs. Gene expression of Cav1 was increased by HDL in MSCs from WT mice (Fig. 6D) , whereas HDL was without effect on its gene expression in null MSCs.
DISCUSSION
Epidemiologic studies have linked atherosclerosis incidence with the development of osteoporosis (21, 32) . Because studies attribute an atheroprotective role to SR-BI by contributing to HDL-mediated RCT (11, 18, 33, 35, 57) and that Scarb1 null mice are prone to atherosclerosis, the present work therefore aimed at assessing the bone phenotype in Scarb1 null mice. In accordance with the role of SR-BI in hepatic lipoprotein metabolism, our data indicate that Scarb1 null mice show significantly higher serum cholesterol, especially HDL associated, as previously reported (41) . Despite their susceptibility to atherosclerosis, our results show that Scarb1 null mice are not prone to osteoporosis but display high bone mass phenotype associated with enhanced bone formation.
Indeed bone analyses by CT revealed that the Scarb1 null mouse model displays higher relative trabecular bone mass . Histological analysis of mouse femora and plasma levels of Ctelopeptide of type I collagen (CTX). Polymethylmethacrylate (PMMA)-embedded bones harvested from calcein-injected mice were sectioned, deplastified, and stained for Von Kossa (VK, ϫ4 magnification), alkaline phosphatase (ALP, ϫ10 magnification), and tartrate-resistant acid phosphatase (TRAP, ϫ10 magnification) (A) or photographed with a fluorescence microscope to observe the calcein fronts from the trabecular (TB) and cortical (CT) areas (B). Values for dynamic histology are listed in Table 3 and are from 5-7 mice in each group. C: plasma levels of CTX in 2-and 4-mo-old WT and null mice. Values are from 3 to 6 individuals.
accounted by significantly reduced trabecular spacing (data not shown) and increased trabecular number in null mice up to 4 mo of age. Cortical bone and BMD values in both trabecular and cortical areas remained unaffected in male mice but were increased in 2-mo-old Scarb1 null female mice. Histological data corroborated the CT analyses: there was more mineralized bone in the femora of null mice translating to higher relative mineralized bone surface. Because the high bone mass phenotype observed in Scarb1 null mice likely results from an imbalance in the cellular processes regulating bone resorption and formation, we determined the number of osteoblasts and osteoclasts in bone sections. The relative osteoblast surface was higher by 1.31-to 1.42-fold in null mice. The number of osteoclasts per millimeter was similar between WT and null mice, suggesting a prevalently osteoblast-mediated mechanism corroborated by similar plasma levels of bone resorption marker CTX in WT and null mice. Accordingly, the trabecular mineral apposition rate was significantly enhanced in these mice, suggesting greater bone formation in the absence of SR-BI. Morphometric values for cortical bone of Scarb1 null male mice were not different compared with WT mice, possibly because of higher turnover in the trabeculae relatively to the cortex (16) . However, female null mice showed similar enhanced trabecular bone mass in the femora, but they differed from males in also displaying greater cortical bone volume and enhanced mineral apposition rate. This high bone mass phenotype is comparable to that observed in other mouse models deficient for key factors in cholesterol metabolism. Enhanced bone formation rate was reported in the apolipoprotein (apo) E null mouse model (54); apoE acts as a ligand in lipoprotein clearance (25) , and apoE null mice develop atherosclerotic lesions (39) . These indeed illustrate the significant influence of cholesterol metabolism-related genes on bone tissue. We previously reported localization of SR-BI in caveolae of osteoblasts (9) . Cav1 is a structural protein of cholesterol-rich plasma membrane microdomain termed caveolae, which are involved in intracellular cholesterol homeostasis (23) and cell signaling (46) . However, SR-BI expression in nonsteroidogenic tissues such as bone (9) underscores a previously unsuspected functionality. Although associated with selective CE and estradiol uptake in human and murine osteoblasts (9), a thorough exploration of its functions in bone tissue has never been done. Given the expression of SR-BI by osteoblasts and the high bone mass phenotype of Scarb1 null mice associated with enhanced bone formation, we undertook the functional characterization of long bone-derived MSCs from Scarb1 null mice. There were two times as many MSCs in the bone marrow of null mice after 10 days of culture, which may result from both increased initial MSC number and enhanced cell proliferation. In accordance, MSCs from null mice showed enhanced proliferation compared with cells from WT mice. These findings agree with the high bone mass phenotype and enhanced bone formation in Scarb1 null mice. Moreover, enhanced proliferation of Scarb1 null cells has been also reported in other cell types such as macrophages (33) and lymphocytes (22) . In contrast, Xu et al. (60) reported that genic silencing of Scarb1 resulted in lower HDL-induced proliferation of rat MSCs. In our study, the cells were grown in medium containing 10% FBS, which may account for the observed discrepancies between the two studies. Also, we observed a lower Cav1 expression in our cultures, which was not verified by Xu et al. (60) . Some studies associate this protein with oncosuppressive properties because of the fact that its expression lowers the proliferation and metastatic potential of osteosarcoma cell lines (15) . Moreover, neural stem cells (31) and mouse embryonic fibroblasts (48) of Cav1 null mice do display higher proliferation rates, corroborating our observations. MSCs from null mice also displayed stronger ALP activity, and Alizarin Red S staining following osteogenic treatment, suggesting a greater differentiation potential in the absence of SR-BI. In accordance, gene expression of the osteoblast transcription factor Osx/Sp7 was increased in confluent MSCs from null mice before treatment. Therefore, the alterations in osteoblasts from null mice may significantly account for the bone phenotype observed in this study, and Scarb1 expression seemingly provides a repression mechanism to osteoblast function. Similar higher bone mass phenotype and increased bone formation have been reported in Cav1 null mice (51) . Cav1 knockout has been associated with enhanced MSC osteogenic differentiation (51), which corroborates high bone mass phenotype in null mice, and it was suggested that Cav1 expression helps to maintain osteoblast progenitor cells in a less differentiated state. Accordingly, siRNA-mediated knockdown of Cav1 expression in MSCs derived from human bone marrow enhances their proliferation and osteogenic differentiation (4) . Of interest, SR-BI has been reported to stabilize Cav1 expression in kidney cells (24) ; there may therefore be common mechanisms leading to the bone phenotype of both Cav1 and Scarb1 null models.
In addition to the cell-autonomous osteoblast alterations observed in MSC from null mice, our results indicate defective function of adrenal glands in Scarb1 null mice as illustrated by the lower GC-to-ACTH ratio. Indeed, impaired corticosterone response to fasting-induced stress associated with constitutively high levels of ACTH was observed in Scarb1 null male mice (26, 28) . Impaired GC synthesis reported in Scarb1 null mice was previously associated with the lack of selective CE uptake by adrenals (28) ; recently, it was demonstrated that GC insufficiency can be induced in normal mice through transplantation of adrenal glands from Scarb1 null mice (27) . The constitutively high ACTH levels observed in the null mice were of interest to this study; indeed, ACTH has been shown to enhance bone mass by stimulating MSC proliferation and expression of several osteogenic markers (6, 30, 61) . Interestingly, MSCs isolated from either WT or null bone marrows seem to respond normally to this hormone in terms of proliferation. Therefore, high levels of ACTH associated with the adrenal gland dysfunction in the Scarb1 null mice may contribute to the observed higher bone mass phenotype. Of interest, ACTH impact in bone has been linked to vascular endothelial growth factor (VEGF) (61) . On the other hand, SR-BI has been shown to be essential for HDL-induced VEGF production in ischemia-driven angiogenesis (56) . The relation between ACTH, VEGF, and SR-BI seems to be quite complex; this question certainly deserves further investigation. . Data are averages Ϯ SE from 4 -6 independent cell preparations. ***P Ͻ 0.001, significant differences vs. Ctrl; ␦␦ P Ͻ 0.05, significant differences vs. WT; Bonferroni post hoc test.
Because SR-BI is predominantly involved in the selective cholesterol uptake process by liver and adrenal glands (28, 62) , we verified its implication in the selective uptake by MSCs. Although Scarb1 null mice show impaired selective uptake functions in adrenal glands (28) and liver (11), it does not seem to be the case in MSCs, regardless of the lipidic ligand used (e.g., CO or E 2 ). We in fact observed a nonsignificant decreasing trend. CD36 receptor is also expressed in osteoblasts (9) , and this receptor is able to selectively uptake cholesterol from HDL yet at a lower rate than SR-BI (12) . Our data therefore suggest that SR-BI has a minor contribution in the selective uptake process and/or the presence of compensatory mechanisms by other receptors. Our results also indicate an upregulation of Cav1 in WT MSCs following HDL exposure; however, no modulation of Cav1 expression was observed in cells from null mice. Because SR-BI was shown to promote the stabilization of Cav1 expression in kidney cells (24) , its absence may impair normal regulation of proliferation and differentiation, thus further contributing to the enhanced bone mass.
This study associates SR-BI with significant functions in bone remodeling on two levels, by modulating ACTH/GC levels through cholesterol uptake in the adrenal glands and by influencing proliferation and differentiation processes in MSCs. Although the high levels of circulating ACTH likely exert a significant influence on these mice's bone mass, one cannot overlook the effects of Scarb1 knockout in osteoblasts themselves. SR-BI seemingly slows bone formation at a cellular level, since MSCs deficient for that receptor proliferate faster and differentiate more readily toward an osteoblastic lineage, potentially through modulation of Cav1 expression. Further studies on the bone phenotype of Scarb1 null mice should focus on osteoblast-specific and adrenal cell-specific conditional deletions to discriminate between the impacts of osteoblast-mediated mechanisms vs. the effects of an altered endocrine condition on bone metabolism.
